Abstract-Metasurfaces have emerged in the recent years as a platform to design subwavelength-thick optical components ("flat optics"), which can be used to implement any optical function (beam deflection, focusing, waveplates, etc). These flat optical components can be fabricated using a single lithographic step. The approach is particularly suited for patterning nonconventional substrates, such as semiconductor laser facets and optical fiber facets. In this paper, we review recent applications of metasurfaces to flat optical devices, including their use in semiconductor lasers and fiber optics. Metasurfaces make it possible to design all properties of light (amplitude, phase, and polarization), which enable us to build a large variety of flat optical components, including planar lenses, quarter-wave plates, optical vortex plates, holograms for vector beam generation, and ultrathin perfect absorbers and color coatings. We also review flat collimating lenses integrated on the facets of mid-infrared and far-infrared (terahertz) quantum cascade lasers, and novel techniques to create large arrays of nanostructures on fiber facets.
We will review the basic physics and applications of metasurfaces. We have always been interested in the opportunities that plasmonics and metasurfaces can bring to the field of fiber optics. In this regard, we will describe our previous effort in developing nonconventional methods to pattern optical fiber facets with arrays of nanostructures. There are certain similarities between the optical fiber platform and the semiconductor laser platform. We believe that some of the key concepts developed through our work on engineering the wavefront of semiconductor lasers using plasmonic structures can be adapted to the fiber optics platform. Therefore, we will also review a selection of examples on controlling laser near-field and far-field using plasmonics.
II. BASIC CONCEPT OF METASURFACES AND THEIR APPLICATIONS

A. Wavefront Control With Metasurfaces
The essence of metasurfaces is to use arrays of antennas with subwavelength separation and with spatially varying geometric parameters (e.g., antenna shape, size, orientation) to form a spatially varying optical response, which molds optical wavefronts at will [5] - [9] . Metasurfaces allow us to mold light propagation using phase discontinuities (defined as abrupt changes of phase over a distance comparable to the wavelength). We can directly engineer the phase, amplitude and polarization along the surface using optical resonators so that we can make a new class of optical components. In this sense, the refractive index is a not a particularly useful quantity to characterize metasurfaces.
We have many choices to create abrupt optical phase shifts. Any type of optical resonators can be used, including plasmonic antennas [10] , [11] , dielectric resonators [12] - [14] , quantum dots, and nano-crystals. The optical resonators, however, have to satisfy the following requirements: they should have subwavelength thickness; they must have small footprints so that they can be packed together with subwavelength separations; their phase response should cover the entire 2π range; and the scattering amplitude must be uniform and large across the array. Plasmonic antennas are basically metallic nanoparticles. In the case of simple metallic nanorods, if the wavelength is fixed, the variation of the length of the rod will introduce a shift in the phase of the scattered light. The phase shift is actually significant: it can approach π for very conductive thin rods [15] . We are conceptually in the context of transmit-arrays and reflect-arrays that have been studied by the microwave and mm-wave community [16] - [18] . For example, the famous Yagi-Uda antenna achieves beam shaping based on the principle that a variation of the length of antenna rods gives rise to controllable phase response [19] - [21] . However, the wavelengths we are working on are orders of magnitude shorter, which can bring forth significantly interesting new physics and will have impact on completely different technological areas.
Metasurfaces are certainly related to diffractive optics [22] . The merit of metasurfaces is the technological simplification: metasurfaces allow one to use a single-digital pattern (i.e., one lithographic mask) to create an arbitrary analogue optical phase response (e.g., amplitude, phase, polarization, and optical impedance). So far most of the metasurface structures are fabricated using electron-beam lithography, but manufacturing techniques for large-scale patterning of planar structures are available, such as nano-imprint lithography [23] , soft lithography [24] , and deep-UV lithography [25] , [26] .
The physics of metasurfaces can be understood in terms of Huygens' principle: every point on an interface creates a spherical wavelet, and the interference of the wavelets forms the new wavefront. For a regular non-structured surface, normal incident light passes through without changing the propagation direction. However, for an inhomogeneous interface, made of a distribution of resonators, dissimilar in their scattering properties, the wavefront will be molded according to the phase response of the resonators (see Fig. 1 ). To study the phenomena of reflection and refraction of light from such metasurfaces, we can apply Fermat's principle, which states that the path of light should have stationary phase (i.e., two infinitesimally close paths should have optical phase difference of zero). These opti- showing the ordinary and extraordinary refraction generated by metasurfaces with different interfacial phase gradients (from 2π/13 to 2π/17 μm −1 ) at different wavelengths (from 5.2 to 9.9 μm), given normally incident light. (e) Schematics showing the polarizations of the ordinary and extraordinary beams generated from the metasurface in (a). Measured intensity of the ordinary and extraordinary beams, represented by black and red circles, respectively, as a function of the rotation angle of a linear polarizer in front of the detector for different incident polarizations: α = 0°, 30°, and 45°. (f) Far-field scans of transmitted light through the metasurface in (a). Plane-wave excitations at λ = 8 μm with different polarizations were used and four samples with different period Γ were tested.
cal paths consist of both propagation phase and phase jumps at the interface. The generalized laws of reflection and refraction can be derived by imposing the stationary phase condition on the so-called "gradient metasurface", which introduces a constant phase gradient along the interface. As a result, in addition to the ordinary terms in the Snell's law and law of specular reflection, the generalized laws contain a term proportional to the phase gradient [5] . A simple way to interpret the generalized law is the conservation of wavevector along the interface: the metasurface impacts to the scattered beams (refracted and reflected beams) a wavevector equal to the phase gradient [27] . Fig. 2 (a) shows a scanning electron microscope (SEM) image of the first metasurface we demonstrated, which is basically a phased array antenna in the mid-infrared (mid-IR) [5] . We used the metasurface to demonstrate the generalized laws of reflection and refraction. The building block of the metasurface is the row of antennas highlighted in Fig. 2(a) . These are Vshaped antennas that have subwavelength thickness of 50 nm. The antennas have uniform scattering amplitude but linearly varying phase response: from the first to the last element in the array, the phase of the scattered light changes from 0 to 7π/4 in steps of π/4. The advantages of the metasurface are multifold: they allow for instant molding of optical wavefronts; they are easy to fabricate; they have greatly reduced device size and weight compared to bulky optical components; and they allow for engineering the near-field, meso-field, and far-field of optical waves. Fig. 2(b) shows how the scattered wavelets from each antenna look like, assuming that the antennas are illuminated by an incident wave coming from inside the silicon substrate. The envelope of the wavelets defines the new wavefront according to Huygens' principle and we see that the wavefront is tilted because of the phase gradient introduced by the metasurface.
We would like to elaborate a bit on the physics of V-antennas. V-antennas are not new; they were used in Sputnik satellite and old TV sets. Zheludev et al. analyzed the symmetry properties of these V-antennas [28] . V-antennas allow for a versatile manipulation of the amplitude and phase of light and they are inherently broadband. The antennas support a symmetric mode of the oscillation of the current and an antisymmetric mode [29] , [30] . There is a factor of two difference in the relevant length of the two modes so that the two modes are shifted by approximately a factor of two in their resonant wavelengths. The resonant modes can be treated as harmonic oscillators that reradiate or scatter light [29] , [30] . It is very important to recognize that to shape the far-field, we should use optical resonators with low quality factors, because the resonators must have high radiative losses [31] . The presence of two eigen-modes in a single optical resonator allows us to achieve polarization conversion, which is a convenient method to obtain the 2π phase modulation necessary for the complete control of the wavefront. In our initial experiments, we chose an incident polarization such that both the symmetric and antisymmetric modes can be excited. The scattered light was a linear combination of the fields produced by the eigenmodes, and we only captured the scattered light polarized normal to the incident field. We were able to vary the phase of the scattered light from 0 to π by changing the length of the antenna arms and the angle between the two arms. To cover an additional π range, we used the mirror structures where the horizontal components of the oscillating current in the antennas were flipped, which created scattered waves with an extra π phase shift. Fig. 2(d) shows experimental results at normal incidence. The far-field measurements showed that the polarization of the anomalous refraction is rotated 90°compared to that of the incident light. There was still ordinary (zeroth-order) diffraction, which has the same polarization as the incident light and propagates normal to the metasurface. The metasurface functionally acts like a blazed grating; it uses phase discontinuities to create only one diffraction order, whereas conventional blazed gratings rely on the propagation phase. Note, however, blazed gratings are narrowband. Fig. 2(d) shows that the metasurface is broadband. It creates anomalous refraction from about 5 to 10 μm in wavelength [6] . We have studied the metasurfaces with incident light of different polarizations ( Fig. 2(e) and (f) ). If the incident light has a polarization not exactly 45°from the axis of the symmetric and antisymmetric modes of the antenna, the anomalous refraction will not be cross-polarized [6] . The angle of refraction is still given rigorously by the generalized law of refraction.
The efficiency of a metasurface depends on the design. The efficiency of our metasurfaces made of a single layer of structured metal is not too high, and there are three reasons: (1) there is polarization conversion, (2) optical power is divided between reflected and refracted beams, and (3) the antenna array has a finite filling factor. The filling factor can be improved. For example, one can use the mutual coupling between the antennas. But, fortunately, there are other strategies that allow for a considerable increase of the scattering efficiency and will be discussed in the following paragraphs.
Our initial work was generalized by the Shalaev group in the near-infrared wavelength range, where they showed broadband light bending from λ = 1 to 2 μm [32] . Research groups from Fudan University and National Taiwan University were the first to address the issue of efficiency. They studied gradient metasurfaces based on reflect-arrays at the visible, near-infrared, and microwave wavelengths [33] , [34] . The idea was to place a metal sheet with a subwavelength distance from the layer of optical scatterers. This approach cancels the transmitted beams and therefore enhances the intensity of the reflected beams. But more importantly, even though simple antennas were used as the optical scatterers, because of their near-field interaction with the metal sheet (the antennas induce anti-parallel currents in the metal sheet through near-field coupling), 2π phase modulation can be achieved.
Metasurfaces based on reflect-arrays were initially studied by a research group from Fudan University in the microwave spectral range [34] . They used H-shaped antennas with varying sizes. They studied beaming of the anomalously reflected light. In particular, by choosing the incident angle and designing the phase gradient properly, they could redirect 95% of the incident power into the anomalous reflection channel. They also demonstrated that there is a critical angle above which there is no anomalous reflection: all the incident optical power is coupled into surface waves. They used microwave scanning probes to characterize the generated surface waves. These surface waves are short lived and got absorbed quickly by the metasurfaes, because there are no eigen surface modes in the gradient metasurfaces. The significance is that these are really new surface waves (very different from surface plasmon polaritons on flat metal-dielectric interfaces) because the metasurface is spatially inhomogeneous.
A similar concept was demonstrated in the near-infrared around λ = 800 nm by the group from National Taiwan University [33] . They used simple rod antennas with varying lengths. The near-field coupling between the rods and their dipolar images in the back metal sheet allowed for a full 2π phase coverage. They demonstrated experimentally that the anomalous reflection mode can take as much as 80% of the incident power. 
B. Flat Optical Components Based on Metasurfaces 1) Metalens:
We will first describe a metalens [35] based on metasurfaces (see Fig. 3 ). The metalens is a flat lens that allows one to create a spherical wavefront when incident light with a flat wavefront impinges on the metasurface in the normal direction. The scattered wavefront is rigorously spherical; therefore, there is no spherical aberration (under normal incidence). The metalens consists of arrays of optical scatterers. To create a spherical wavefront, the total accumulated phase, including propagation phase and phase jumps due to optical scattering, has to be the same from every point on the metalens to the focal point of the lens. The propagation distance from outer regions of the lens to the focal point is longer; therefore, the metalens was designed to compensate for the propagation phase shift by decreasing the abrupt phase shift due to scattering in the outer regions of the lens. We have shown that the spatial distribution of the phase jumps has to follow a hyperboloidal function. The metalens eliminates spherical aberration, making it possible to realize high numerical aperture. However, it does not compensate for comatic aberration. We have shown in a later work that if one let the metasurface have some curvature, the comatic aberration can be significantly reduced [36] . Our demonstrated metalenses suffer from the problem of efficiency. The groups of Andrea Alú and Anthony Grbic have shown that metalenses with three layers of optical scattering elements can substantially enhance the transmission efficiency of optical power [37] , [38] .
2) Quarter-Wave Plates: We demonstrated a broadband quarter-wave plate [39] based on metasurfaces (see Fig. 4 ). The unit cell of the metasurface waveplate contains two sub-units, which create two linearly-polarized field components with the same amplitude, orthogonal polarizations, and a phase shift of 90°in order to create a circularly polarized wave. To get the 90°phase shift between scattered waves from the sub-units, we slide the two sub-units from each other by a quarter of the length of the unit cell. We have shown experimentally that the waveplates work from 5 to 12 μm wavelength generating a beam with circular polarization of high purity (intensity ratio between the wanted and unwanted circular polarization over 400 from λ = 5 to 12 μm). The metasurface waveplate works for arbitrary linear incident polarization and it is background free: the ordinary transmitted beam is separated from the circularly-polarized anomalously refraction.
3) Vortex Plates: We have used metasurfaces to create nonconventional beams such as optical vortex beams (see Fig. 5 ). An optical vortex has a spiral wavefront; the optical power (Poynting vector) spirals around the propagation direction and therefore carries orbital angular momentum (OAM) [40] , [41] . The order of such OAM is determined by the number of twists of the wavefront with in a propagation distance of one wavelength. The phase is indetermined at the center of the beam. As the order of OAM increases the region of zero intensity at the center of the beam increases. Optical vortices have been conventionally created using spiral phase plates, fork-shaped gratings, or spatial light modulators. These intensity patterns demonstrate that the first-order diffracted beam from the fork hologram is radially polarized and that the device is broadband.
We used a metasurface to impart OAM to the incident beam [5] , [42] . The metasurface was created by assembling an array of V-antennas so that in the azimuthal direction the phase response increases linearly from 0 to 2π (for first order OAM). Experiments were done using mid-infrared QCLs as the light source. If there was no reference beam, the cross-section of optical vortices taken using an infrared camera showed a donut; if the reference beam and the optical vortex beam were collinear, we obtained a spiral interference pattern; if the two beams intersected each other at a small angle, we obtained a set of interference fringes with a dislocated fringe at the center (for first order OAM). The molding of optical wavefront by the metasurface is abrupt: we showed in full-wave simulations that fully formed optical vortices are created within a subwavelength distance from the metasurface [6] .
Initial work on metasurfaces used the dispersion of antennas to realize phase control. But there is a completely different way to achieve abrupt phase changes. The new approach is based on the so-called Pancharatman-Berry (PB) phase [43] , [44] , which is the phase change related to the variation of optical polarization. In one implementation of the PB phase, tiny apertures of the same shape but with different orientation directions were used. These apertures can be treated as tiny polarizers. Calculations based on Jones matrix formulation showed that the transmission through the aperture contains a phase that is determined by the orientation of the aperture, as well as the handedness of the incident circular polarization [45] . A variety of flat optical components have been created based on metasurfaces made of arrays of dielectric ridges, apertures defined in metal films, or metallic rods; these include metalenses that focus circularly polarized light, and plates that generate optical vortices [46] - [51] . The major advantage of building flat optics using PB phase is that the metasurface devices can operate over a broad wavelength range, because the phase distribution originates from the spatial orientation of the optical scatterers, instead of antenna dispersion. The metasurfaces based on PB phase are thus dispersionless. 
4) Holograms for Vector Beam Generation:
Recently, we have demonstrated a holographic flat optical element that can locally change not only the phase and amplitude but also the polarization of light over a broad wavelength range [52] . The metasurface was made of a superposition of a fork grating and an array of concentric grooves with subwavelength separations (see Fig. 6(a) ). When illuminated by a circularly polarized beam, the metasurface generated a pair of diffracted beams, which had spiral wavefronts and radial polarization (see Fig. 6(b) ).
5) Metasurfaces Based on Ultra-Thin Films:
Thin-film interference in optical coatings introduces useful functionalities such as anti-reflectivity, high-reflectivity, spectral filtering and beam-splitting. Optical coatings are used in almost every optical systems, but they are almost ubiquitously based on low-loss dielectric films: the film thicknesses are at least on the order of the wavelength of light. Optical losses are considered detrimental because they reduce the number of partial waves that can participate in the desired constructive or destructive interference.
We studied a very different scheme of thin-film interference [53] - [55] , where the films are made of highly absorbing materials but are significantly thinner than one wavelength of light, so that the light is not completely attenuated in a single pass in the film and multi-beam interference is still possible (see Fig. 7(a) ).
In lossless dielectric films, optical phase is accumulated via propagation: the reflection at an interface merely contributes a phase jump of 0 or π. However, when the film has a significant imaginary part of the complex refractive index, the reflection coefficient dictated by Fresnel equations takes complex values. Therefore, the phase acquired upon reflection at the boundary of lossy materials can have any value between 0 and π, which means that an optically thin film can act effectively like a thick film.
Our first demonstration of ultra-thin-film interference used amorphous germanium as the lossy material, which was deposited on a gold substrate (see Fig. 7(c) ) [55] . This structure allows for enhanced absorption in the visible through destructive interference between reflected partial waves. Experiments showed that germanium films with thickness between 5 and 25 nm exhibit colors varying from pink to blue (see Fig. 7(c) ). The spectral shift is approximately 20 nm in wavelength per 1nm change of the film thickness, and the enhanced absorption can be up to 80% of the incident light (see Fig. 7(b) ). One important feature of the ultra-thin-film interference is that the coloration of the film is not sensitively dependent on the viewing angle; therefore, the ultra-thin interference coatings appear optically like a thin film of paint.
In a second demonstration, we used a phase change material vanadium dioxide (VO 2 ) deposited on a sapphire substrate [53] , [54] ; both have complex refractive indices in the mid-IR spectral range. The optical conductivity of VO 2 undergoes a dramatic change at its phase transition temperature (∼65°C) [56] . At low temperatures, VO 2 is almost transparent in the mid-IR, whereas at high temperatures VO 2 is a lossy metal. At an intermediate temperature, however, VO 2 is neither a dielectric nor metal (microscopically, it is a percolation of metal nanostructures in a dielectric matrix; optically, the real part of the complex refractive index is comparable to the imaginary part). We observed in experiments that the reflectivity drops to zero around 12 μm wavelength (see Fig. 7(d) ), corresponding to complete destructive interference between reflected partial waves. The phenomenon could be exploited to enhance light absorption in thin film optoelectronic devices, such as solar cells, water-splitting cells, and designer thermal radiators [57] .
III. WAVEFRONT ENGINEERING OF SEMICONDUCTOR LASERS USING PLASMONIC AND METASURFACE STRUCTURES
We have been working on wavefront engineering of semiconductor lasers extensively for a number of years [58] , [59] . By patterning the laser facets with properly designed planar plasmonic structures, we were able to engineer the optical near-field and far-field of laser emission. In particular, we have experimentally demonstrated a few useful device functionalities, including concentrating laser emission into a subwavelength spot on the laser facet, collimation of laser beams, controlling of laser polarization, and beaming of laser emission into arbitrary directions [60] - [70] . Many concepts and techniques we have developed to control laser emission can be adapted for controlling light emission from an optical fiber facet, because in both systems light propagation is confined in optical waveguides. Fig. 8(a) shows a mid-infrared quantum cascade laser integrated with a flat collimating lens, which consists of a rectangular subwavelength aperture and a circular plasmonic second-order grating on the laser facet [63] , [64] . The key to reduce the divergence of laser beam in the far-field is to spread the optical power over an area as large as possible in the near-field. The subwavelength aperture couples a substantial portion of the laser emission into surface waves propagating in two dimensions on the laser facet. The optical power is then progressively scattered into the free space by scatterers distributed on the laser facet. The laser far-field is then the coherent superposition of the scattered waves from the aperture and from the scatterers. Since the wavefront of surface waves propagating on laser facet in this case is circular, we used a circular grating as the scattering element. We demonstrated experimentally 2-D collimation using QCLs provided by Hamamatsu. The divergence angle of the laser beam was reduced by more than one order of magnitude from tens of degrees to only a few degrees in both the vertical and horizontal directions (see Fig. 8(b) ). The output power of the laser, however, decreased considerably (i.e., about 20% of the original laser). The reduction of optical power is not because of optical losses in the metallic collimating lens (in the mid-IR wavelength range the plasmonic losses are limited); it is because the subwavelength aperture does not permit efficient optical transmission.
A. Plasmonic Collimators for the Mid-Infrared Spectrum
In a later experiment, we demonstrated collimated, Watt-level laser output from QCLs with tapered waveguides and patterned with 1-D plasmonic collimating lenses (see Fig. 8(c) ) [70] . The laser waveguide consists of a 0.5 mm-long and 14 μm-wide narrow ridge section, followed by a 2.5 mm-long tapered section with a 1-degree half-angle, so that the waveguide has a width about 100 μm on the facet (see Fig. 8(c) ). We widened the aperture so that it has a dimension similar to the laser waveguide. The two-dimensional far-field profile of the collimated laser is shown in Fig. for a driving current of I = 3 .5Ith. We observe that the collimator results in a central low-divergence beam with FWHM of 7.5 o and 3 o , respectively, along the horizontal and vertical directions (see Fig. 8(e) ). The optical power output of the collimated laser was very similar to that of the original laser (see Fig. 8(d) ). We have made a more complex collimator, which consists of arrays of elliptical grooves and can produce multiple laser beams propagating at arbitrary angles with respect to the axis of the laser waveguide (see Fig. 8(f) and (g) ).
B. Metasurface Collimators for the Far-Infrared Spectrum
Terahertz QCLs (λ = 60-300 μm) based on double-metal waveguides have the highest operating temperature [71] . The laser waveguide mode is squeezed between two metal plates and the laser beam is strongly diffracted at the waveguide ends, which are basically subwavelength apertures. Our first attempt to collimate the laser beam was to mill a set of second-order grating grooves on the cleaved laser substrate, which is made of heavily doped GaAs, a plasmonic material in the THz frequency range. The method did not work very well because a lot of optical power was still scattered into directions not normal to the laser facet. The reason is that the long-wavelength surface waves do not bind to the surface and the grating structure strongly so that the scattering efficiency is not high. We later used a metasurface collimator, which was a combination of a second-order grating and subwavelength grooves (see Fig. 9(a) ) [67] , [68] . The latter have subwavelength spacing and depth. The optical power of the surface waves is trapped in the grooves so that the corrugations effectively reduce the plasma frequency and increase the skin depth. As a result, terahertz surface waves were much more strongly bound to the laser facet, so that the scattering efficiency by the second-order grating greatly increased. One can improve the confinement of the surface waves by more than one order of magnitude (from ∼300 μm for a planar GaAs-air interface to tens of micrometers for the metasurface collimator, see Fig. 9(c) ). The collimated QCL showed 10-degree vertical divergence, and 19-degree lateral divergence (see Fig. 9(d) ). There was no change to the lasing threshold current and maximum operating temperature (see Fig. 9(e) ).
The subwavelength grooves right outside the laser aperture can be viewed as an optical analog to impedance matching circuits. They reduce the impedance mismatch between the waveguide mode and surface waves. Thus, the metasurface structure helps extract more power from the laser waveguide and couples a larger percentage of the output power into surface waves. This effect helps to alleviate the problem of poor power out-coupling of THz QCLs with double-metal waveguides. In the original unpatterned THz QCLs, the power reflectivity at the laser aperture is ∼90% due to a mismatch in propagation constant between the laser waveguide modes, n wgk o where n wg ∼ 3.5, and the free space modes, k o . The spoof SPP grooves adjacent to the laser aperture support surface waves with increased propagation constant (> k o ), representing a more efficient channel for power out-coupling. The grooves in the close vicinity of the laser aperture in Fig. 9(a) have a depth of 12 μm, giving rise to a propagation constant of ∼ 1.25k o . As a result, 25% more power is extracted from the laser cavity, and ∼50% of all the emitted power is coupled into surface waves. We believe similar strategies can certainly be used for structures defined on an optical fiber facet.
IV. PATTERNING OF OPTICAL FIBERS FOR WAVEFRONT CONTROL AND SENSING
We have shown that the combination of plasmonics with the established platform of semiconductor lasers led to an interesting spectrum of possibilities, some of which may lead to useful applications. There are good reasons to believe that plasmonics and metasurfaces can also bring interesting opportunities to fiber optics: (1) Plasmonic and metasurface structures can have strong interactions with light, making it possible to create fiber optical devices with ultra-compact footprints. In particular, optical scatterers can be designed to interact with not only electric field but also magnetic field component of light; plasmonic structures or metasurfaces made of such scatterers can therefore control optical impedance (i.e., manipulate wavefront and maximize power transmission or reflection simultaneously) [37] , [38] - [72] . (2) Optical losses can be minimized by using dielectric optical antennas as the building blocks. Mie resonances in optical scatterers made of high-refractive-index dielectric materials are just as versatile as plasmonic resonances in metallic scatterers [73] - [75] ; they allow for controlling all properties of light, including amplitude, phase, polarization, wavevector, and optical impedance. (3) Plasmonic and metasurface structures can be patterned on the facets of optical fibers to intersect the guided modes or along the fibers (for example, on the exposed fiber cores) to interact with evanescent fields of the modes [76] - [78] . In the second scheme, the interaction between light and designer nanostructures can be substantially enhanced because of the consecutive interaction between the two.
We have done some initial work on developing techniques to pattern optical fiber facets with nanostructures [79] - [81] . The size and shape of an optical fiber preclude the use of ordinary lithographic processes, because it is challenging to produce a coating of lithographic resist with uniform thickness. Focused ion beam (FIB) milling is not a good option: it is a slow sequential process, not scalable for high-volume fabrication; using FIB milling to define nanostructures directly on the facets of fibers also results in unintentional doping with gallium ions, which alter the optical response of the nanostructures [82] .
A. "Decal Transfer" Technique
We have developed a "decal transfer" technique that allows for transferring of lithographically defined nanostructures on to the facets of optical fibers [79] , [80] . Briefly, the process involves using an engineered sacrificial thiol-ene film to strip plasmonic antenna arrays from a substrate, transferring of the film and the antenna structures to a final substrate, and removing of the sacrificial film (see Fig. 10(a) ). The essential component in the decal transfer technique is the engineered thiol-ene polymer, which is made of a mixture of commercially available chemicals, photocurable, and removable by oxygen plasma. The thiol groups in the polymer promote adhesion to gold nanostructures, so that the latter can be stripped off by the thiol-ene film from the Si/SiO 2 substrate. A stereoscope was used to align the final substrate over the plasmonic structures and make contact between the two. The final substrate can be functionalized with thiol groups to promote its adhesion to the plasmonic structures. Fig. 10(b) and (c) show successful transfer of gold nanorods to two final substrates that are almost impossible to pattern using conventional lithographic techniques: the facet of an optical fiber (125 μm in diameter), and a silica microsphere (∼220 μm in diameter). Fig. 10(d) is a close-up of the nanorod array on the microsphere, showing minimal pattern distortion of the transferred array. The decal transfer technique can transfer a variety of dense, sparse, isolated or connected patterns (Figs. 10(e)-(g) ).
We demonstrated a bidirectional optical fiber probe for the detection of surface-enhanced Raman scattering (SERS) signals [80] (see Fig. 11 ). In this application, arrays of metallic nanoantennas created by electron-beam lithography are transferred to the facets of optical fibers using the decal transfer technique. No adhesion layer was used and the antennas are held to the fiber facets by van der Waals forces. The coupled antennas in the array are designed to have a plasmonic resonance peaked at λ = 650 nm. The resonance is broad enough to provide enhancement for both the excitation light (He-Ne laser at λ = 633 nm) and the Raman signal of the analytes (λ = 675 -710 nm). In experiments, we first prepared a self-assembled monolayer of benzenethiol on the gold antennas. The excitation light was coupled into the optical fiber from one facet. The light propagated to the facet decorated with the antenna array, excited the plasmonic resonance of the array, and generated a SERS signal from the benzenethiol monolayer adsorbed on the antenna surface. The SERS signal propagated back through the fiber and was detected. By subtracting the spectrum taken from a fiber with a bare facet from that acquired from the SERS fiber probe, one got the Raman spectrum of benzenethiol, which has four vibrational modes at 995, 1020, 1075, and 1583 cm −1 . The enhancement factor (EF) of the SERS probe is estimated to be approximately ×10 5 . The EF is calculated by comparing the Raman signal per molecule generated in the SERS probe, and the Raman signal per molecule generated in liquid benzenethiol. This optical fiber SERS probe can be used for many different applications, such as sensing samples in remote locations, probing samples with small volumes, and performing in situ measurements.
B. "Nanoskiving" Technique
Another inexpensive and convenient method to create and transfer arrays of nanostructures to the cleaved facets of optical fibers is illustrated in Fig. 12(a) [81] . Large arrays of nanostructures (over 1 mm 2 in size) are created using the so-called "nanoskiving" technique [83] - [85] , which is a combination of processes, including replica molding of high-aspect-ratio epoxy template, deposition of thin metal or dielectric films, and sectioning using an ultramicrotome. To be more specific, the fabrication process starts with a structured epoxy template, such as an array of pillars. The template is then coated with a metal film. Additional epoxy is added to fully encapsulate the metal film. The block of epoxy is mounted onto an ultramicrotome and is sectioned using a diamond knife. The process of "nanoskiving" produces arrays of nanostructures embedded in thin epoxy thin films. The latter are then transferred on to the facets of optical fibers. The epoxy embedding medium is later etched away, leaving the nanostructures deposited directly on the fiber facets.
The nanoskiving technique can be adapted to create a great variety of structures, many of which are beyond the fabrication capabilities of conventional lithographic techniques. Continuous metallic nanostructures can be produced if the epoxy template is conformally coated with the metal. Open-loop nanostructures can be fabricated if "shadow evaporation" is used to partially coat the template. Dielectric nanostructures can be created in the same way. Double patterning, which involves iterative transfers of thin epoxy films containing nanostructures, yields overlapping arrays of structures. High aspect-ratio nanostructures can be made by sectioning thick (up to a few micrometers) films from the epoxy block (see Fig. 13(a) ). Arrays of nanostructures with a height gradient can be fabricated by tiling the epoxy block with respect to the diamond knife during the nanoskiving process (see Fig. 13(d) ). Deposition using multiple source materials and subsequent embedding and sectioning could produce arrays of nanostructures made of multiple materials. For example, Fig. 13(b) shows fabricated arrays of crescents composed of silicon and silver. Nanoskiving is not limited to materials deposited using physical vapor deposition: semiconductor nanocrystals have been coated on the side walls of epoxy pillars and sectioned into arrays of nano-rings (see Fig. 13(c) ); electrochemical growth and drop casting can add further compositional complexity to the final arrays of nanostructures. Fig. 14(a) shows optical characterization of arrays of single rings and double concentric rings fabricated using nanoskiving and transferred onto a ZnSe substrate [85] . The transmission spectrum of the single rings exhibits a single dip, corresponding to the dipolar resonance of the ring; the spectrum of the double rings exhibits two dips. Fig. 14(b) shows an array of nanowires fabricated using nanoskiving and transferred onto a Si/SiO 2 substrate [83] . The wires are 2 μm in length and have a high aspect ratio: 10 nm in width and 100 nm in height. We illuminated the nanowire arrays with unpolarized white light at a large incident angle to minimize the background scattering from the substrate. The scattered light from the nanowires with polarizations perpendicular to the long axis of the nanowires was collected, because these scattered field components reveal the plasmonic resonance in the cross-section of the nanowires. Nanowires with different cross-sectional dimensions were fabricated: the width and height of the nanowires are controlled, respectively, by the thickness of the metal film and the microtome sectioning. For nanowires of the same width, the optical image and scattering spectra show a red shift with increasing nanowire height (see Figs. 14(c) and (d)). 
V. CONCLUSION
This paper discusses the basic concept of metasurfaces and various ways to implement the concept. The main features of metasurfaces are their ability to control all properties of light with subwavelength resolution, their small footprints, and the ease of fabrication. Such metasurfaces provide us with the unique possibility to fully control light with planar structures and thus realize "flat optics". The reduced dimensionality of optical metasurfaces opens up new physics and leads to novel device functionalities that are distinct from those achievable with bulk metamaterials.
The paper also discusses wavefront engineering of semiconductor lasers using flat designer plasmonic structures, and techniques to pattern arrays of nanostructures on optical fiber facets. The techniques we developed to couple laser emission into surface waves on the laser facets and to control such surface waves can be adapted to the fiber optics platform. The ability of patterning nanostructures on fiber facets or other small (flat or curved) surfaces will enable several applications, including sensing based on SERS, optical filtering, and diffraction gratings. The optical fiber platform could allow us to probe small volumes of samples or places hard to access (e.g., blood vessels). Nonconventional nanostructures, such as those with high aspect ratio and those consisting of two or more materials in the same plane, could enable studying of new physics and device functionalities. 
